Abstract --Ever since Darwin the Tree of Life has provided a framework to study the evolution of organisms. However, comparative genome analyses of microorganisms have shown that genomes are mosaics where different parts have different histories. This is due to horizontal gene transfer that transforms the Tree of Life into a Web of Life where different parts of a genome possess different evolutionary histories. Clustering gene families based on the phylogenetic information they retain allows extracting a majority consensus for the genomes' evolution, and the determination of genes that have a conflicting phylogeny. The latter is of interest in the context of comparative genomics of prokaryotes because these conflicts point towards possible horizontal transfers of genes and metabolic pathways between divergent organisms.
INTRODUCTION
Comparative genome analyses have shown that genomes are mosaics where different parts have different histories [1] [2] [3] [4] . These findings questioned the validity of the tree concept, especially for prokaryotic species [5, 6] . Individual genes may travel from one species to another, a core of infrequently transferred genes might represent a treelike organismal history, genomes that had independent evolutionary histories might have fused to form a new line of descent, and highways of gene sharing [7] might overwhelm the signal retained in non transferred genes [8] . The Tree of Life concept needs to be amended by fusing lines of descent and by connecting threads, representing gene transfer events, that embed the organismal lines of descent into a Web ofLife [9] . Without selection of gene families that were refractory towards transfer, phylogenetic trees calculated using superMaria S. Popstova, J. Peter Gogarten Department of Molecular and Cell Biology, University of Connecticut Storrs, USA maria.poptsovaguconn.edu, gogartenguconn.edu tree [10, 11 ] or super-matrix [ 12] approaches might neither reflect the history of the organism nor the history of the genes [8] . Thus the task of comparative genomics is to identify the genes that share a common history, genes whose evolution is different from the majority consensus, and to identify groups of genes that might have been transferred together. The last are of special interest because they point towards crucial events in evolutionary history. Our web-based tool GPX facilitates comparative genome analysis by allowing visual and interactive exploration and inspection of either individual gene histories or groups of closely related families identified through clustering based on a self-organizing map [13] approach. Our tool also allows for locating gene families whose histories are in significant disagreement with the majority consensus, the type of phylogenetic conflict that is in many instances attributed to horizontal gene transfer.
Evolutionary relationships between organisms are usually represented as a phylogenetic tree. For n different taxa the number of possible trees grows very fast. With n taxa there are (2n-5)! /[2(n-3)(n-3)!] different unrooted tree topologies, and even for only 13 taxa it is an impossible computational task to iterate through all possible trees (1.37E+10). Alternatively, a phylogenetic tree can be divided into quanta of phylogenetic information such as a bipartition. A bipartition as shown in Fig. 1 is the division of a tree into two parts that are connected by a single branch. The number of possible bipartitions for n taxa is given by the formula: 2(-')-n-1, and it grows much slower with an increasing number of species than the number of different trees. Other advantages of bipartition analysis are that different bipartitions can easily be determined to either be compatible (they can reside in one tree) or conflicting (they cannot co-exist in one tree) [14, 15] . The same analysis for general unrooted phylogenetic trees is non-trivial.
Furthermore, the statistical support for bipartitions can be assessed readily through bootstrap analyses [16] . By Although self-organizing maps have been used in comparative genomics before (e.g. [17] ), the novel aspect of our approach is that we do not try to analyze the evolutionary relationships between DNA sequences directly but instead use self-organizing maps to find structure (clusters) in a space spanned by all possible evolutionary relationships between the genomes in question represented as bipartitions. Only this more abstract representation makes this problem computationally feasible. Consider that the time complexity of our SOM approach is O(n2*d2), where n is number of gene families and d is the number of phylogenetic relationships. It is easy to see that switching from unrooted trees to bipartitions has a major impact on the efficiency of the SOM calculation by reducing the magnitude of d. Also novel is our use of emergent self-organizing maps that allows for more precise elucidation of inter-and intra-cluster relationships [18] .
A gene family is a collection of genes from different genomes that are related to each other and share a common ancestor. In general, a gene family may include both orthologs and paralogs [19] . Here As tested in [14] bipartition analysis under some conditions outperforms the AU test [20] for detecting conflicting signals in phylogenetic data. Our visually oriented tool has an advantage over Lento plot [15, 21] analysis by allowing interactive and visual inspection of the areas on the map that comprise families that generated the conflicts. The consensus phylogeny for these families can be investigated by one click. Common gene families were selected based on reciprocal best BLAST [22] hit criteria [23, 24] The ESOM algorithm [18] is applied to the bipartition matrix using the following parameters: x-dimension = 15, ydimension = 10, rectangular topology, with radius equal to the x-dimension and 100,000 training iterations [27] . The experiment we report on uses a bootstrap cutoff value of 7000. A bootstrap support of 70%0 is considered to be still reliable in analyzing phylogenies and it allows more bipartitions to be included in the analysis.
C. Dynamic analysis
This section describes the interaction of a user with GPX. We provide the screenshots of the interactive analysis for a test case of bipartition matrix for 14 archaea. 1). Map. As a first step we show the interface to the statically generated map (Fig. 2) 2). Clusters. The Clusters link will direct a user to an interactive map with clusters of gene families (see Fig. 3 ).
When the user moves the mouse over a neuron that contains gene families, a pop-up window displays the coordinates of the neuron on the SOM map and the gene families it contains. By clicking on the map, the user can select any set of neurons that have gene families mapped to them and then visualize a consensus phylogenetic tree. Selected neurons are highlighted as red squares on the map. Fig. 4 depicts a consensus tree reconstructed from all clusters (red squares on the SOM map). The ATV tree viewer applet [28] is used to visualize the tree.
3 Fig. 5) .
A three-dimensional bipartition support representation is used to depict areas on the map that highly support a given bipartition. The same information is given by a 2-D representation with the gene family cluster information added in where white areas correspond to the regions that highly support this bipartition while black represent regions of conflicts (see black-and-white map on Fig. 5) .
Here we give an example of how one can explore in detail the phylogeny of the families that support a given bipartition. The bipartition 156, whose support is depicted in Fig. 5 , groups Halobacterium, Haloarcula and Methanosarcina together. This bipartition is in agreement with the small subunit ribosomal RNA phylogeny [29] and the consensus calculated from the transcription and translation machinery [30] . rtition 3D function over SOM map together with a slice of the SOM map that corresponds to the bipartition.
Using 2D black-and-white map for the bipartition 156 (see Fig. 5 ) as a guide, one can select all clusters from the white area on the SOM map (selected neurons inside blue circle on Fig. 6) . A phylogenetic tree, reconstructed from the clusters in the white area, would represent a history of the families that are in agreement with the selected bipartition, here with the bipartition 156 (see Fig. 6 ).
To find families whose phylogenetic histories are in conflict with bipartition 156, one can scroll down in the list of bipartitions and find bipartitions that show conflicts with bipartition 156. The same phylogenetic analysis described above for the bipartition 156, can be also done for the conflicting bipartitions. Fig. 7 shows the analysis of conflicting bipartition 15 which corresponds to a split where Archaeoglobus groups together with Methonosarcina. This is a bipartition that is in conflict with the consensus phylogeny of conserved genes [30] . White areas on a bipartition support map shows clusters that support this conflicting bipartition (selected neurons inside red circle on Fig. 7) . The phylogenetic tree, reconstructed from the selected families, confirms that Archaeoglobus -Methanosarcina branch has a high bootstrap support value in the gene families of these clusters. This finding suggests a highway of gene sharing [7] between the Methanosarcina and Archaeoglobus lineages. Our abstract representation of evolutionary relationships makes our approach computationally possible and enables the interactive, exploratory nature of this tool.
IV.
FUTURE WORK Bipartition analysis requires gene families that contain representatives from all species of interest, thus only a relatively small number of families can be included in an analysis. A quartet-based approach allows for the inclusion of incomplete gene sets where only four or more species are present [31, 32] . The idea of a quartet analysis is essentially the same as for bipartitions [15] , the only difference that only four species are considered at a time. To avoid the border effects in the current map generated by SOM, we plan to use boundless maps (such as toroid maps) [33] . 
